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Broadband  and  High  Power  Infrared- 
Waveguide  Modulators 


1.0  SUMMARY 
\i 

The  objective  of  this  program  is  to  develop  an  efficient  and  reliable 
ultra-wideband  waveguide  modulator  for  COn  lasers  that  will  be  useful  for  high 
resolution  imaging  optical  radars  and  high-data-rate  optical  communication 
systems.  Efficiency  and  reliability  can  be  obtained  by  using  integrated  optics 
technology,  which  is  an  optical  analog  of  IC  technology  in  electronics.  The 
major  advantage  of  this  approach  is  derived  primarily  from  the  fact  that  strong 
and  wideband  interaction  between  the  laser  and  the  microwave  electric  field  ;an 
be  obtained  within  a thin  waveguiding  layer  at  a thickness  of  approximately  one 
optical  wavelength.  However,  the  practicality  and  applicability  of  this  approach 
remained  to  be  proven.  Of  most  importance  is  the  ability  to  demonstrate  that 
the  ultimate  performance  of  an  integrated-optic  modulator  can  supersede  that  of 
the  conventional  bulk,  modulators. 

Since  integrated  optics  is  a1  new  technology,  it  was  recognized  early  in 
this  program  that  the  development  of  an  efficient  and  reliable  infrared  wave- 
guide moderator  was  dependent  on  a number  of  "breakthroughs".  Therefore,  this 
program  was  organized  into  several  phases  of  investigation,  that  were  carried 
out  over  a period  of  four  years.  The  first  year  involved  the  investigation 
(Refs.  1,2)  of  various  modulation  techniques  which  can  be  performed  by  using 
thin-film  waveguide  modulators  and  the  establishment  of  a figure  of  merit 
among  various  modulation  techniques.  The  second  year  was  devoted  to  demon- 
strating (Refs.  3,4)  microwave  modulation  of  CO2  lasers  in  a thin-slab  GaAs 
waveguide . The  third  year  effort  was  concerned  with  advancing  (Refs.  5 56) 
the  waveguide  modulator  structure  so  as  to  have  the  required  mechanical 
strength,  high  power  handling  capability,  and  nearly  perfect  optical  trans- 
mission characteristics.  The  fourth  year  was  devoted  to  achieving  (Ref.  7) 
the  highest  sideband  power  from  a C02  laser  and  the  broadest  modulation  band- 
width at  microwave  frequencies. 

During  the  past  two  year  period  (Summer  1974  to  Summer  1976),  this  pro- 
gram has  experienced  an  extraordinary  growth.  The  progress  can  be  measured 
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simply  by  the  enormous  increase  in  our  ability  to  generate  the  sideband,  power 
at  microwave  frequencies.  Table  I summarizes  the  progress  on  the  waveguide 
modulator  performance . 


TABLE  I.  PROGRESS  SUMMARY 


1974 

1?75 

1976 

Sideband  Power 

<0.05 

40 

200 

(mW) 

Modulation  Bandwidth 

0.3 

1.0 

>8.0* 

(GHz) 

*Not  as  flat  as  predicted  by  theory 


Results  of  Table  I indicate  that  an  improvement  in  sideband  power  delivery  by 
a factor  of  4,000  has  been  obtained  during  the  past  two  year  period.  This 
remarkable  achievement  is  attributed  mainly  to  our  persistent  effort  in 
advancing  our  waveguide  fabrication  techniques.  By  investigating  various 
structural  configurations,  we  found  that  for  high  power  and  broadband  appli- 
cations, two-dimensional  tapered  ridge  waveguides,  which  are  fabricated  by  the 
ion-beams  milling  technique  and  bonded  on  copper  substrates,  are  found  to  be 
the  best  choice.  With  a 15  W C02  laser  of  a beam  size  < 1 mm  in  diameter,  78 
percent  power  coupling  in  and  out  of  a tapered  waveguide  has  been  obtained 
while  keeping  the  electrodes  loss  to  a minimum  value  of  0.05  cm-1.  Broadband 
modulation  of  a CO2  laser  has  been  achieved  with  these  devices  at  a bandwidth 
which  exceeds  several  gigahertz.  The  sideband  power  conversion  efficiency 
wa s measured  to  be  2.1  percent  for  the  input  microwave  power  of  60  W at  16  GHz. 
These  bonded-down  GaAs  thin-slab  modulators  on  copper  substrates,  with  typical 
dimensions  of  1 mm  wide  channel  and  2.8  cm  interaction  length  and  25  pm  thick, 
are  capable  of  delivering  microwave  modulated  infrared  laser  power  exceeding 
200  mW  with  good  transmitted  beam  quality. 
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2.0  INTRODUCTION 


Electrooptic  interaction  in  bulk  crystals,  whose  refractive  indices  can 
be  varied  upon  application  of  intense  electric  field,  usually  requires  large 
amounts  of  electric  power.  This  modulation  power  increases  rapidly  with 
increasing  laser  wavelength,  X,  and,  as  a rule,  follows  a X3  functional 
relationship.  Therefore,  it  is  extremely  difficult  to  generate  electrooptic 
d'fect  at  infrared  wavelengths.  To  overcome  this  difficulty,  we  have  explored 
the  use  of  thin-film  waveguide  devices,  which  are  fabricated  by  using  either 
epitaxially  grown  thin  films  (Refs.  8,9)  or  mechanically  polished  (Ref.  10) 
and  ion-beam  milled  (Refs.  11,12)  thin  slabs.  This  report  presents  only  the 
infrared  waveguide  structures  that  are  suitable  for  high  power  laser  system 
applications.  Of  particular  interest  is  the  performance  of  broadband  modula- 
tion for  a iiigh  power  CO2  laser  beam.  This  modulator  has  potential  applica- 
tions in  optical  imaging  radar,  high-data-rate  communications  and  in  high- 
resolution  spectroscopy  where  a narrow  line  width  tunable  over  several 
gigahertz  bandwidth  is  needed.  The  best  design  approach  for  these  applica- 
tions is  to  generate  a single  sideband  power  from  a COp  laser  carrier  at 
microwave  frequencies.  In  this  case,  broadband  modulation  can  be  obtained 
by  sweeping  the  microwave  frequency  over  a range  of  several  gigahertz.  This 
design  was  first  demo'  'ted  (Ref.  3)  by  interfacing  a high  power  infrared 
waveguide  with  a microwave  ridge  transmission  line.  In  order  to  minimize  the 
propagation  loss  of  the  modulation  field  at  microwave  frequencies,  the  elec- 
trodes must  be  made  of  copper  and  must  be  in  direct  contact  with  the  wave- 
guiding  layer . This  requirement  rules  out  the  use  of  epitaxial  waveguide 
structures  (Ref.  13)  and  hence  necessitates  the  use  of  a thin  dielectric  slab 
waveguide  configuration.  The  top  electrode  must  be  in  the  form  of  a very'  long 
and  narrow  strip  in  order  to  provide  the  desired  sideband  conversion  efficiency. 
The  use  of  a microstrip  electrode  can  produce  significant  distortion  of  the 
output  laser  beam  shape  by  spreading  and  deflecting  the  beam  in  the  plane  of 
the  waveguide.  This  beam  distortion  can  be  eliminated  by  using  a wider  elec- 
trode such  that,  along  the  entire  propagating  path,  laser  power  is  confined 
within  the  electrode  width.  However,  widening  of  the  electrode  is  not  desir- 
able because  it  reduces  both  the  conversion  efficiency  and  the  modulation 
b find v/idth.  An  alternative  technique  for  confining  the  laser  beam  within  a 
narrow  and  long  propagation  path  is  to  use  channel  waveguides  which  can  be 
made  by  removing  small  amounts  of  material  along  the  edges  of  the  microstrip 
electrode.  With  this  technique  we  have  obtained  nearly  perfect  alignment  of 
the  optical  beam  with  the  microwave  field  along  a narrow  (l  mm  wide)  micro- 
strip electrode  over  a propagation  length  of  4 cm.  Furthermore,  the  trans- 
mitted laser  beam  quality  is  not  degraded  from  that  of  the  incident  beam. 
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The  most  efficient  coupler  for  an  infrared  laser  beam  to  get  in  and  out  of 
an  optical  waveguide  is  the  right-angle  prism  (Ref.  14).  By  using  two  germanium 
prisms  at  thinned  coupling  ports,  we  have  obtained  a transmitted  laser  power  of 
10  W through  a 3 cm  long  metal-cladded  OaAs  thin-slab  waveguide.  The  coupling 
efficiency,  in  this  case,  is  78  percent  for  the  input  coupler  and  100  percent 
for  the  output  coupler.  Waveguides  used  in  this  work  have  been  specially 
designed  to  accommodate  the  use  of  prisms  a-  couplers,  lor  high  power  appli- 
cation, the  daAs  thin-slab  'waveguide  must  be  bonded  on  a copper  substrate,  which 
nut  only  provides  the  necessary  structural  strength  to  permit  the  use  of  prism 
couplers,  but  also  improves  the  power-handling  capability.  With  proper  bonding 
and  heat-sinking  techniques,  we  nave  demonstrated  that  these  laAs  thin-slab  wave- 
guides (25  Kim  thick)  can  be  operated  at  a combined  optical  and  microwave  power 
level  of  up  to  100  W. 

Microwave  losses  in  the  microstrip  transmission  line  and  input  matching 
into  the  thin-slab  laAs  waveguide  have  been  investigated  (Refs.  3>^56,7)  in 
detail.  By  using  copper  electrodes  at  thickness  greater  than  10  ^m,  the  meas- 
ured microwave  loss  in  the  line  is  approximately  0.7  dB/cm.  Nearly  perfect 
matching  has  been  achieved  at  resonant  frequencies  of  the  line  by  using  only  a 
one-step  input  transformer,  located  at  the  center  of  the  microstrip  electrode. 
With  iiis  network  the  measured  full  width  of  the  sideband  power  is  typically 
1 0Hz,  and  the  sideband  power  conversion  efficiency  is  found  to  increase 
line, or ly  -with  increasing  microwave  input  power.  At  an  input  of  o0  W,  the 
measured  conversion  efficiency  is  2.1  percent.  Broader  impedance  matching  could 
be  obtained  by  using  two-  or  three-step  transformers.  Analysis  indicates  that, 
in  the  case  of  a three-step  transformer,  a relative  flat-frequency  response  can 
be  obtained  in  the  range  from  12  to  20  0Hz. 
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3.0  HIGH- POWER  IR  WAVEGUIDE  MODULATOR  DEVELOPMENT 


3.1  Introduction 

Lurin  ',  the  past  five  years,  United  Technologies  Research  Center  has 
engaged  in  an  exploratory  research  and  development  program  directed  toward  the 
investigation  of  the  performance  of  infrared  waveguide  modulators  under  a work 
orier  from  DARPA.  This  DARPA  program  was  directed  toward  advancing  the  state 
of  the  art  of  this  device  for  the  generation  of  highest  sideband  conversion 
efficiency  at  microwave  ir  • mencies  with  particular  emphasis  at  16  GHz  with 
a 1 JHz  bandwidth,  fhe  high  efficiency  of  the  device  is  obtained  by  using 
integrated  optics  technology  to  confine  the  optical  and  microwave  power  in  a 
small  interaction  region  in  the  form  of  a thick-film  medium  at  a thickness  of 
abcut  25  pm.  A factor  of  10-  enhancement  in  the  field -induced  birefringence 
and  a factor  of  1 in  sideband  power  generation  can  be  obtained  by  this 
approach  as  a result  of  r ■ iuetion  in  thickness  frem  the  conventional  bulk  modu- 
lator configuration.  In  crier  to  realize  this  advantage,  an  infrared  waveguide 
modulator  must  be  developed  to  the  extent  that  it  must  transmit  both  the  opti- 
cal and  the  microwave  power  in  an  efficient  manner . Under  the  DARPA  program, 
we  have  produced  infrared  waveguide  modulators  that  can  transmit  as  much  as 
c'3-5  of  the  optical  power  and  about  60,o  of  the  microwave  power  through  an 
interaction  path  length  of  3 cm.  These  results  are  very  close  to  the  theoreti- 
cal limits  for  perfect  waveguides.  The  difference  in  power  transmission 
between  the  waveguides  and  bulk  devices  is  almost  insignificant  in  view  of  the 
enormous  gain  in  modulation  performance. 

The  waveguide  modulator  developed  under  this  program  not  only  has  demon- 
strated its  efficiency  but  also  has  proven  its  power-handling  capability. 
Several  waveguide  modulators  have  been  tested  with  intense  optical  and  micro- 
wave fields.  With  a focused  CO2  laser  beam  at  15  W,  which  corresponds  to  a 
power  density  of  So  kW/cm2,  and  a microwave  power  input  of  60  W,  a single 
sideband  power  of  0.2  W has  been  generated  at  frequencies  in  the  neighborhood 
of  16  GHz  off-set  from  any  one  of  the  vibrational- rotational  CO2  laser  lines. 

Since  the  sideband  power  increases  linearly  with  an  increase  in  both  the 
optical  and  the  microwave  power  and  almost  quadratically  with  an  increase  in 
the  interaction  length,  a great  emphasis  has  been  placed  on  the  fabrication  of 
extraordinarily  long  GaAs  electrooptic  waveguides  which  are  suitable  for 
high-power  applications.  To  strive  for  perfection,  submicron  tolerances  in  the 
fabrication  of  long  optical  and  microwave  circuits  must  be  maintained.  In  this 
section,  the  optical  waveguide  structures  and  their  transmission  characteris- 
tics will  be  presented  and  fabrication  and  processing  techniques  will  be 
summarized.  Microwave  modulation  of  the  CO2  laser  and  the  waveguide  modulator 
performance  and  characteristics  will  also  be  detailed. 
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3.2  Infrared  Electrooptic  Waveguides 

Either  epitaxially  grown  (Refs.  13,  15,  16)  or  mechanically  polished 
(Ref.  17)  infrared  waveguides  suitable  for  electrooptic  modulation  of  laser 
radiation  have  been  investigated  only  at  very  low  optical  power  levels.  As 
optical  and/or  electric  input  power  and  the  modulation  frequency  are  increased, 
device  degradation  from  electrical  power  loss  at  high  frequencies,  surface 
deformation  by  electrodes  and  stress-induced  birefringence  at  the  edges  of 
el  • -trodes  and  stress-induced  birefringence  at  the  edges  of  electrodes  as  well 
as  waveguide  imperfections  and  material  defects  become  increasingly  serious. 

We  have  explored  several  waveguide  structures  that  may  be  suitable  for  high- 
power  laser  systems  applications.  Of  particular  interest  is  the  device  perfor- 
mance of  a wideband  electrooptic  modulator  for  a high-power  CC;  laser  beam. 

This  modulator  has  potential  applications  in  optical  imaging  radar,  high-data- 
rate  communications  and  in  high- re solution  spectroscopy  where  a narrow  line 
width  tunable  over  a bandwidth  greater  than  several  gigahertz  is  needed.  The 
best  design  approach  for  these  applications  is  to  generate  single  sideband  power 
from  a COp  laser  carrier  at  microwave  frequencies.  In  this  case,  broadband 
modulation  can  be  obtained  by  sweeping  the  microwave  frequency  over  a range  of 
several  gigahertz.  This  design  has  been  demonstrated  (Ref.  11 ) by  interfacing 
a high-power  infrared  waveguide  with  a microwave  microstrip  transmission  line. 

To  minimize  the  propagation  loss  of  the  modulation  field  at  microwave 
frequencies,  the  electrodes  must  be  made  of  copper  and  must  be  indirect  contact 
with  the  waveguiding  layer.  This  requirement  rules  out  the  use  of  epitaxial 
waveguide  structures  and  hence  necessitates  the  use  of  a thin  dielectric  slab 
waveguide  configuration.  The  top  electrode  must  be  in  the  form  of  a very  long 
and  narrow  strip  in  order  to  provide  the  desired  sideband  conversion  efficiency 
and  the  modulation  bandwidth.  Use  of  a microstrip  electrode  causes  difficulty 
in  beam  alignment  with  respect  to  the  strip  line.  We  often  observed  that  a 
slight  misalignment  of  the  laser  beam  can  produce  significant  distortion  of  the 
output  laser  beam  shape  by  spreading  and  deflecting  the  beam  in  the  plane  of 
the  waveguide.  This  lens-like  effect  during  the  quiescent  phase  is  caused  by 
the  waveguide  surface  deformation  along  the  edges  of  the  electrode,  which  pro- 
duces a localized  stress-induced  birefringence  that  is  typically  one  order  of 
magnitude  larger  than  the  microwave  field-induced  birefringence  at  the  power 
levels  of  interest.  When  microwave  power  is  applied,  beam  distortion  is 
enhanced  as  a result  of  thermal-induced  birefringence.  Beam  distortion  can  be 
eliminated  by  using  a wider  electrode  such  that  along  the  entire  propagating 
path  laser  power  is  confined  within  the  electrode  width.  In  an  experiment  with 
a wider  electrode,  we  observed  no  beam  distortion  either  with  or  without  the 
application  of  a microwave  field.  However,  widening  of  the  electrode  is  not 
desirable,  because  it  reduces  both  the  conversion  efficiency  and  the  modulation 
bandwidth.  An  alternative  technique  for  confining  the  laser  beam  within  a 
narrow  and  long  propagation  path,  is  to  use  channel  waveguides  which  can  be 


6 


R76-922241-4 


made  by  removing  small  amounts  of  material  along  the  edges  of  the  mierostrip 
electrode.  With  this  technique  v:e  have  obtained  nearly  perfect  alignment  of 
the  optical  beam  with  the  microwave  field  along  a narrow  (1  mm  wide)  micro- 
strip electrode  over  a propagation  length  of  3 cm.  Furthermore,  the  trans- 
mitted laser  beam  quality  is  not  degraded  from  that  of  the  incident  beam. 


Previous  studies  (Refs.  5,7'  indicated  that  optical  transmission  through 
th-  waveguides  via  prism  couplers  is  typically  about  ten  times  that  of  grat- 
ing couplers.  This  large  lifference  in  coupling  efficiency  is  basically 
caused  by  two  factors;  the  lower  coupling  strength  of  the  grating  aril  the 
partition  of  energy  into  multiple  diffracted  beams  when  the  r rating  coupler 
is  used.  Furthermore,  waveguide  imperfections  have  much  greater  deleterious 
■ ffects  on  the  performance  of  grating  couplers.  - or  these  reasons,  the  wave- 
guide structure  has  been  designed  specifically  to  accommodate  the  use  of  prisms 
as  couplers . 

broadband  matching  of  microwave  power  into  a GaAs  thin-slab  waveguide  can 
be  efficiently  and  reproducibly  achieved  if  the  top  and  the  bottom  copper 
electrodes  have  thicknesses  2 10  pm.  In  order  to  maintain  the  structural 
integrity  of  the  waveguide,  it  is  necessary  to  bond  the  metal- clad-led  thin- 
slab  to  a flat  copper  block.  A bonded  waveguide  also  provides  the  necessary 
structural  strength  to  permit  the  use  of  prism  couplers.  Furthermore,  use  of 
the  bonded-down  structure  Improves  the  power-handling  capability.  With  proper 
bonding  and  heat-sinking  techniques,  we  have  demonstrated  that  these  JaAs  thin- 
slab  waveguides  (25  pm  thick)  can  be  operated  at  a combined  optical  and  micro- 
wave  power  level  of  up  to  100  W. 

Techniques  have  been  developed  to  produce  the  bonded  GaAs  metal-cladded 
thin-slab  waveguides  with  the  specifications  listed  in  Table  II. 


Table  II  Infrared  Waveguide  Specifications 

Thickness  25  pm  ± 1 pm  (modulation  region) 

12  pm  ± 1 pm  (coupling  region) 


Length 


> 4 cm 


Channel  Depth 
Surface  Finish 
Microstrip  Electrode 
Bonding  Layer 
Copper  Substrate 


~ 5 pm 
Mirror  like 

1 mm  x 2.8  cm  (10  pm  thick) 

< 2 pm 

Optical  flat  aril  parallel  to  2 sec 
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A typical  bonded  GaAs  thin  slab  waveguide  is  shown  in  Figure  1.  The  structure 
is  resting  on  two  sliding  wedges  which  are  used  to  control  the  air-gap  for 
prism  couplers  by  pressing  the  top  of  the  two  prisms  against  a cover  plate. 

Hie  details  of  this  bonded  thin-slab  waveguide  modulator  is  shown  in  Figure  2. 
The  optical  polishing  fixture  with  precision  angular  adjustments,  as  shown 
in  this  figure,  is  a very  important  tool  during  the  initial  stage  of  waveguide 
fat  rication,  which  will  be  described  in  detail  in  Section  3*3.  The  thin-slab 
wave, ’idle  is  made  of  high- resistivity  (>  lo'D-cm)  Cr-doped  GaAs  material  and 
is  cladded  with  10  pm  thick  coxiper  electrodes  on  both  the  top  and  the  bottom 
surfaces.  This  metal-cladded  thin-slab  is  bonded  on  an  optically  polished 
copper  substrate  by  a 2 pm  thick  low  viscosity  epoxy. 

Figure  3 is  a plot  of  the  waveguide  thickness  vs  the  modal  index  g/k  for 
the  Ti-  modes  of  the  thin-slab  structure  with  a refractive  index  n = 3-275  at 
10.’  pm.  The  refractive  index  of  the  media  above  and  below  the  slab  is  taken 
to  be  unity.  With  metal-cladding,  the  absorption  loss  increases  rapidly  with 
decreasing  waveguide  thickness.  Previous  calculations  (Ref.  13)  indicated 
that  a metal-cladded  slab  waveguide  at  a thickness  of  25  pm  has  an  attenuation 
coefficient  of  0.055  cm--1-  and  0.22  cm-1  for  the  TEq  mode  and  TEp  modes,  respec- 
tively. At  15  pm,  the  attenuation  coefficient  increases  to  0.25  cm"l  and  1.0 
cm-*  for  these  modes.  Also,  the  microwave  loss  increases  rapidly  with 
decreasing  waveguide  thickness.  Therefore,  use  of  long  waveguide  devices  with 
thi  'kr.  uses  much  below  25  pm  leads  to  appreciable  propagation  losses. 

pti.-al  'oupling  depends  critically  on  both  phase  and  aperture  matching 
(Ref.  14 ) of  the  laser  beam  with  a guided-wave  mode.  At  a phase-matched  angle, 
the  coupling  efficiency  T|  for  a uniform  input  beam  is  given  by  (Ref.  l4) 

n = (2/ail)  (1  - e-**)2  (1) 

•where  l is  the  input  beam  diameter,  and  a is  the  coupling  parameter,  which 
depends  in  a complicated  way  (Ref.  18)  on  the  waveguide  thickness,  refractive 
index  and  gap-spacing  6 between  the  prism  base  and  the  surface  of  the  thin-slab. 
Using  the  formulations  of  Tien  and  Ulrich  (Ref.  18),  we  found  that  T]  is  a slowly 

varying  function  of  6 and  does  not  change  more  than  15%  for  6 values  between 

zero  and  0.1  pm.  In  practice,  6 can  easily  be  confined  within  this  range.  We 
have  calculated  the  coupling  efficiency  of  TEq  and  TE-^  modes  for  a laser  beam 
size  s;  1 mm.  Results  of  this  calculation  are  shown  in  Figure  4 as  a function 

of  the  thin-slab  'waveguide  thickness  for  6 = 0.1  pm  and  l = 1 mm.  For  1 < 1 mm, 

the  peaks  of  these  curves  shift  slightly  toward  smaller  waveguide  thickness 
values  with  very  little  change  in  their  shapes.  It  is  desirable  to  use  small 
beam  sizes  because  it  is  easier  to  obtain  a broader  modulation  bandwidth  with 
a narrower  electrode.  With  a narrow  electrode  width,  the  characteristic 
impedance  of  the  waveguide  modulator  can  be  raised  to  a value  where  a broadband 
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matching  can  be  easily  realized  (Ref.  3).  Results  of  Figure  4 indicate  that 
for  t > 20  pm,  the  most  efficient  coupling  is  obtainable  for  TE]_  modes,  or  the 
higher-order  modes.  To  obtain  efficient  coupling  of  TE^  modes,  the  thickness 
in  the  coupling  region  must  be  reduced  to  less  than  15  pm.  Most  of  our  experi- 
mental studies,  particularly  on  the  electrooptic  interaction,  have  been  made 
with  the  planar  waveguide  structure.  However,  we  have  successfully  fabricated 
several  slowly  tapered  waveguides,  as  shown  in  Figure  5.  Structural  configura- 
tion of  these  tapered  waveguides  are  similar  to  that  of  the  planar  waveguides 
except  that  the  regions  near  the  ends  of  the  slab,  where  optical  coupling 
occurs,  is  thinner  than  the  central  region.  Typical  thickness  of  the  coupling 
region  varies  from  12  to  14  pm,  and  the  thickness  of  the  electrooptic  inter- 
action region  is  about  twice  that  of  the  coupling  region.  The  transition  occurs 
gradually  between  the  two  regions  over  a length  greater  than  1 mm.  In  this  way 
the  modal  character  is  not  deteriorated  to  a significant  extent.  We  have 
studied  the  optical  transmission  characteristics  of  these  waveguides  in  detail, 
and  have  found  that  the  optical  power  transmission  through  these  tapered 
waveguides  is  greatly  increased  from  that  through  planar  waveguides  as  a result 
of  the  reduction  in  propagation  losses. 

The  microstrip  electrode  on  the  waveguide  surface  always  distorts  the 
transmitted  beam  because  of  a stress -induced  lens-like  effect.  To  compensate 
the  difference  in  refractive  index  at  the  edges  of  the  electrode,  we  remove  a 
small  amount  of  GaAs  material  to  form  a simple  channel  waveguide,  as  shown  in 
Figure  6a.  For  a 25  pm  thick  waveguide,  a channel  depth  of  5 pm  is  more  than 
sufficient  to  produce  the  desired  beam  confinement  within  a long  and  narrow 
propagation  channel.  To  combine  the  features  of  both  the  channel  and  tapered 
waveguides,  we  have  fabricated  a slowly  tapered  raised-ridge  waveguide,  as  shown 
in  Figure  6b.  The  advantages  of  using  such  a type  of  structure  are:  (l) 

improved  coupling  efficiency  for  the  TEq  mode  with  small  input  beam  sizes,  (2) 
reduction  of  the  propagation  loss,  (3)  increase  in  the  microwave  driving  power 
density  by  narrowing  the  ridge  width,  and  most  important,  (4)  elimination  of 
the  beam  distortion  caused  by  the  top  electrode  in  a stripe  geometry.  At  a 
thickness  of  25  pm,  the  power  loss  due  to  the  absorption  of  the  2.8  cm  long 
electrodes  for  the  TEq  mode  is  only  about  13% . However,  the  waveguide  thickness 
in  the  coupling  region  must  be  decreased  to  about  12  pm  in  order  to  excite 
the  TEq  mode  efficiently. 

3.3  Fabrication  and  Processing  Techniques 

All  waveguides  used  in  this  work  are  made  of  high  resistivity  Cr-doped  GaAs 
material  which  has  been  carefully  selected  and  characterized  from  commercially 
available  ingots  of  large  size.  These  ingots  are  sliced  into  thin  wafers  at  the 
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orientation  (100)  plane.  The  thickness  of  these  saw-cut  wafers  is  typically 
at  15  mils.  The  typical  wafer  size  is  large  enough  to  yield  3 (1  cm  x 4.5  cm) 
rectangular  waveguides. 

The  first  step  in  the  fabrication  procedure  is  to  lap  and  polish  one  face 
of  a 15-mil  thick  GaAs  wafer  to  a thickness  about  5 mils  by  using  a precision 
polishing  jig  on  a glass  plate  with  3 gm  platelet  alumina.  The  GaAs  wafer  is 
then  ehemo-mechanically  polished  by  using  a soft  pad  saturated  with  a solution 
of  100  ml  distilled  water  to  6 ml  of  6%  sodium  hypochlorite.  A mirror-like 
finish  is  obtained  when  approximately  10  pm  of  GaAs  is  removed.  At  this  stage 
the  wafer  is  cleaved  into  a 4.5  cm  x 1.0  cm  waveguide  configuration  and  is 
further  thinned  by  a collimated  beam  of  Ar+  ions  at  a current  density  of  1.0 
mA/cnf-  until  25  pm  of  material  is  removed.  This  thinning  step  is  very  important 
because  it  removes  all  mechanical  process-induced  damages  to  the  material. 

The  ion-beam  milled  surface  is  electroplated  with  a 10  pm  thick  copper 
film,  which  forms  the  ground  plane  of  the  waveguide  modulator.  The  wafer  is  then 
bonded  to  an  optically  polished  copper  block  with  a low  viscosity  resin 
(ft yeast  1217).  Typical  thickness  of  a uniform  bonding  layer  is  about  2 pm, 
obtained  by  applying  a uniformly  distributed  weight  during  the  curing  cycle. 

At  this  point  the  thickness  of  the  GaAs  wafer  is  about  8 mils.  The  waveguide  is 
then  lapped  until  approximately  2 mils  of  GaAs  is  removed.  The  surface  is  then 
chemo-mechanically  polished  to  a mirror-like  finish.  During  the  processing,  the 
thickness  of  ’’h0  GaAs  waveguide  is  measured  at  several  points  along  the  4.5  cm 
length  with  a Perk  in- timer  Model  621  IR  Spectrophotometer  in  the  reflectance  mode. 
The  thickness  variations  determined  by  the  IR  spectrophotometer  gives  an 
indication  of  the  wedging  in  the  GaAs  wafer  only.  With  the  above  described 
thinned  process,  wedging  is  routinely  found  to  be  less  than  2 yjn  along  the  4.5 
cm  length  of  the  5 mil  thick  waveguide.  The  IR  spectrophotometric  measurements 
can  also  be  compared  with  the  measurements  of  the  Hover-prob'’ , which  is  a precision 
non-contacting  air  gauge  instrument  (Ames-Mercer ) . In  general,  very  good  agree- 
ment exists  between  these  two  Independent  measurements,  which  implies  that  the 
copper  groun  1 plane  and  bonding  medium  are  essentially  wedgefree.  If  any  wedging 
does  exist  at  this  point  it  can  be  compensated  by  using  the  angular  adjustments 
which  are  incorporated  in  the  polishing  fixture.  At  a 2.4  mil  thickness,  a chemo- 
mechanical  polish  is  performed.  Spectrophotometer  scans  are  taken  again  of  the 
GaAs  thickness  prior  to  the  final  ion  beam  thinning. 

To  improve  the  optical  transmission  characteristics,  it  is  desirable  to 
maintain  the  thickness  of  the  interaction  region  thicker  than  that  of  the  input 
an  1 the  output  coupling  region.  The  transition  between  the  two  regions  should 
have  a length  not  less  than  about  1 mm.  To  generate  the  required  configuration, 
a shadow  mask  of  aluminum  oxide  was  made  as  shown  in  Figure  7a.  Aluminum  oxide 
was  selected  because  of  its  slow  ion  milling  rate.  The  shadow  mask  (2.77  cm  long 
x 0.3  cm  wide)  is  placed  on  top  of  a chemo-mechanically  polished  wafer.  The 
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tapered  step  is  formed  by  ion  beam  machining  at  a current  density  of  0.6 
raA/cm^  at  normal  beam  incidence.  The  rate  of  GaAs  removal  is  6 ygi/hr.  The 
waveguide  is  machined  until  13  pm  of  material  is  removed  from  the  unmasked 
area . Figure  7b  shows  the  resulting  waveguide  dimensions  after  performing 
the  milling  process.  The  wafer  is  further  thinned  by  the  ion-b  .-am  without 
th-  shadow  mark  until  the  desired  thickness  is  obtained,  in  this  process 
p ‘Cial  precaution  must  be  taken  to  maintain  the  substrate  temperature  below 
•'O  5C . It  was  found  that  the  difference  in  thermal  expansion  between  GaAs  and 
the  copper  ground  plane  can  cause  cleavage  in  GaAs  wafers  if  the  temperature 
of  the  substrate  is  not  controlled.  A water  cooling  fixture  was  installed  into 
the  Vecco  Microetch  System.  It  was  designed  specially  for  the  rotating  holder 
to  maintain  a low  temperature  (<  50°C ) under  ion-bombardment  over  extended 
period.'  of  time. 

The  fabrication  of  a microwave  waveguide  modulator  is  completed  after  a 
10  pm  thick  copper  film  in  the  form  of  a micro strip  electrode  is  applied  to 
the  top  surface  of  the  GaAs  thin  slab.  This  is  accomplished  by  standard  photo- 
lithographic and  electroplating  techniques.  The  two-dimensional  channel  or 
raised-ridge  waveguide  is  produced  by  ion-milling  a bonded  GaAs  waveguide 
modulator  around  the  edges  of  the  microstrip  electrode. 

3.^  Optical  Transmission  Characteristics 

Optical  transmission  measurements  were  made  with  C0?  lasers  at  power  levels 
up  to  15  W.  For  most  experiments,  the  input  laser  powerto  the  waveguides  is  in 
the  range  from  3 to  5 W in  a focused  beam  spot  of  ^ 1 mm  in  diameter.  Results 
reported  here  were  obtained  by  using  two  right-angle  germanium  prisms  with  a 
base  area  of  5 ran  x 7 mm.  A one-meter-radius  reflecting  mirror  is  used  to  focus 
the  gaussian  input  beam  to  approximately  1 mm  in  size  (l/e“  laser  power  points 
at  the  input  prism).  Through  the  length  of  the  waveguide  the  transverse  beam 
configuration  is  essentially  confocal,  as  shown  in  Figure  8.  In  the  absence  of 
the  top  electrode,  a beam  that  is  nearly  identical  to  that  of  the  input  beam  can 
be  obtained  in  the  far-field  of  the  output  prism  for  waveguides  having  a thickness 
uniformity  better  than  + 5 When  a top  microstrip  electrode  (l  mm  wide  x 2.8  cm 
long)  is  deposited  on  the  surface  of  a bonded  thin-slab  GaAs  waveguide,  the 
transmitted  laser  beam  shape  is  severely  distorted,  as  shown  in  Figure  8,  for  an 
incident  beam  size  of  & 0.7  mm  propagating  underneath  the  electrode.  However, 
the  out-coupled  angle  does  not  appear  to  be  affected.  The  output  beam  quality  is 
restored  if  the  propagation  path  is  outside  the  electrode  region.  The  elliptical 
output  becomes  asymmetric  if  the  confocal  beam  is  slightly  misaligned  with  respect, 
to  the  electrode.  The  elliptical  distortion  increases  further  with  applied 
microwave  power.  We  attribute  the  cause  of  the  above  observed  lens-like  effect 
to  a stress-induced  bi refringence  along  the  edge  f he  electrode.  Because  of 
the  1 -ctrode  geometry,  it  is  very  difficult  to  achieve  a perfect  alignment. 


Id 


1 


EFFECT  OF  ELECTRODE  ON  A GUIDED  MODE 


961 


i 


R76-922241-4 


Mill  . 


i 

i 


A iiffraction-limited  beam  can 
with  its  width  to  length  ratio 


only  be  collimated  within  the  narrow  microstrip 
, uj/L,  as  given  by  (Ref.  19) 


■ij2/L  ;»  9(4>./nn)  (2) 

where  ' and  n nr-  * • la.  r wavelength  and  refractive  index,  respectively.  For 
a width  of  1 rru.,  th  1 • •*  h in  accordance  with  Eq.  (2)  cannot  exceed  3 cm. 

xperim  •ntall.,  w--  f /.l  that  this  lens-like  effect  can  be  eliminated  by 
increasing  t.h  • lectrol  • w'  Ith  from  1 mm  to  2 mm  for  an  input  beam  size  of  1 mm. 
From  the  modulator  i - sign  point  of  view  this  increase  is  not  desirable  because 
an  increase  in  • l--cfr  ie  area  causes  both  an  increase  in  the  device  capacitance 
for  a leer case  in  churn ct.-ristic  impedance)  and  a reduction  in  the  modulation 
bandwi  Ith  an  1 power  tensity.  A more  desirable  approach  is  to  compensate  the 
lifference  in  refractive  index  at  the  edges  of  the  electrode  by  removing  a small 
amount  of  GaAs  material  to  form  a simple  channel  waveguide,  as  shown  in  Figure  6a. 
Kith  such  a waveguide,  we  have  confined  the  beam  to  a 1 mm  channel  path  in  the 
presence  of  a microstrip  electrode.  The  transmitted  laser  beam  shapes  through 
a channel  waveguide  with  a channel  dept  of  5 pin  are  shown  in  Figure  9-  Figure 
9<a  depicts  the  input  beam  shape;  Figure  9b  shows  the  output  beam  shape  when  a 
T. mode  is  launched  from  point  A as  indicated  in  Figure  6a.  Two  finite  steps 
in  the  waveguide  do  not  cause  discernable  beam  distortion  but  only  cause  a slight 
iecrease  in  the  transmitted  power  as  compared  with  that  transmitted  through  the 
channel.  Figure  9c  shows  the  output  beam  shape  when  a TE  mode  is  launched  from 
point  C,  as  indicated  in  Figure  6a,  which  is  located  in  the  center  of  the  channel 
with  its  top  surface  coated  with  a 10  pm  thick  copper  film.  In  this  case,  the 
spread  of  the  out-coupled  beam  is  diffraction-limited  by  the  width  of  the  channel 
but  is  not  affected  by  the  microwave  power.  If  the  laser  is  incident  at  point  B, 
which  is  located  at  the  edge  of  the  channel,  the  output  splits  into  two  beams  as 
shown  in  iigure  91.  rn  this  case,  a splitting  into  a multiple  spot  can  also  occur 
if  the  direction  of  propagation  is  not  in  perfect  alignment  with  the  edge. 

Power  transmission  measurements  for  various  guided-wave  modes  through  a 
typical  planar  thin- slab  waveguide  (Figure  l)  without  the  top  microstrip  electrode 
are  plotted  as  a function  of  coupling  angle  with  respect  to  waveguide  normal  in 
Figure  10.  This  experiment,  was  performed  with  an  input  laser  power  at  3*5  W. 
Measurements  of  Figure  10  were  made  with  a gaussian  input  laser  beam  (cj  = 0.75  mm'). 
The  distance  between  the  two  prism  couplers  was  3 cm.  Because  of  insufficient 
coupling  length,  the  measured  power  transmission  of  the  TF.„  mode  (not  shown  in 
Figure  10)  was  only  about  18 $.  The  power  transmi ssion  was  highest  for  the  TE^ 
mole  at  46% . These  power  transmission  measurement  are  very  reproducible  for  a 
number  of  similar  waveguides  evaluated  at  various  input  power  levels  up  to  15  W. 
The  variation  in  power  transmission  is  less  than  10$  and  is  limited  primarily  by 
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the  reproducibility  of  aperture-matched  input  laser  beam  shapes.  Since  the 
coupling  efficiency  and  transmitted  beam  quality  depends  critically  on  the 
quality  of  the  waveguides  and  the  couplers,  results  obtained  from  these  optical 
tests  indicate  that  a high  degree  of  structure  uniformity  has  been  achieved  with 
these  waveguides.  The  bases  of  the  coupling  prisms  are  optically  flat  and  no 
attempt  was  made  to  create  a varying  coupling  strength  by  means  of  a tapered 
gap  spacing  (Ref.  14).  Therefore,  the  maximum  theoretical  transmission  in  our 
case  is  8l$,  assuming  a perfect  (100$)  output  coupler.  Furthermore,  the  gap- 
spacing for  coupling  of  evanescent  waves  is  always  kept  within  0.1  pm. 

The  results  of  Figure  10  show  that  the  transmission  for  the  higher-order 
modes  (TE-^,  etc.)  for  which  nearly  perfect  aperture-matching  can  be  achieved, 
is  far  below  the  optimum  theoretical  value  of  8l$.  The  sharp  reduction  in 
transmitted  power  for  the  higher  order  modes  is  caused  primarily  by  electrode 
absorption  at  the  metallic  ground  plane.  To  evaluate  the  power  loss  at  the 
electrode,  a top  electrode  (2.8  cm  long)  in  a microstrip  configuration  was 
subsequently  deposited  on  the  surface  of  the  waveruide.  The  measured  transmission 
for  the  TK^  mode  is  reduced  from  46$  to  33$ • From  these  two  power  transmission 
measurements  we  obtain  a value  of  0.24  em“l  for  the  absorption  coefficient  of 
the  two  electrodes  for  the  TE-^  mode.  Similarly  we  obtain  a value  of  0.05  cm" 
for  the  TEq  mode.  These  results  are  in  excellent  agreement  with  the  previously 
calculated  values  (Ref.  13).  With  these  measurement"  we  can  estimate  the  input 
coupling  coefficient  from  the  transmission  expression  as  given  by 


T = 0.92  11  e'3^“e  ' a'm')-  (3) 

Equation  (3)  has  taken  into  account  various  losses,  namely  (l)  the  loss  at  two 
AR  coated  input  and  output  prism  faces,  each  of  which  reflects  the  laser  power 
by  about  4$,  (2)  the  loss  at  the  input  prism  with  a coupling  coefficient  T|  (in 
all  cases  the  output  prism  is  assumed  to  be  a perfect  coupler),  (3)  the  loss  in 
a single  electrode  with  an  absorption  coefficient  <yf, , and  (4)  the  GaAs  material 
absorption  coefficient  am  at  a known  value  of  0.01  cm.  . From  Eq.  (3)  we  obtain 
an  T value  of  22$  and  7?'  for  the  TEq  mode  and  T:  ^ mode,  respectively.  These 
values  agree  very  well  with  the  calculated  values  (Figure  4). 

The  measured  power  transmission  results  through  a tapered  waveguide  are 
plotted  in  Figure  11  as  a function  of  the  coupling  angle  with  respect  to  the 
waveguide  normal.  The  total  propagation  length  is,  2.7  cm,  of  which  a 2.1  cm  long 
section  of  this  waveguide  is  at  a thickness  of  25  pun.  A length  of  approximately 
3 mm  is  used  for  making  the  two  tapered  transitions  and  the  remainder  is  used  for 
the  in  and  out  coupling.  The  thickness  of  the  coupling  region  is  13  pm.  Because 
of  the  reduction  of  waveguide  thickness  in  the  coupling  region,  the  model  dispersion 
of  the  tapered  waveguide  is  much  greater  than  that  of  the  planar  waveguide 
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(Figure  10).  The  coupling  angles  for  various  modes  of  this  tapered  waveguide  at 
the  maximum  transmission  are  found  to  be  consistent  with  the  calculated  3/k  values 
as  shown  in  Figure  3,  and  provide  the  identification  of  these  modes.  The  measured 
percent  transmission  for  the  TEQ  mode  is  63*5  and  that  for  the  TE-^  mode  is  29. 

By  using  Eq.  (3)  with  the  known  loss  values,  the  actual  coupling  efficiency  is 
foun  i to  be  77 .7$  for  the  TEq  mode  and  48.6$  for  the  TE^_  mode.  These  results 
are  in  excellent  agreement  with  the  calculated  values  plotted  in  Figure  4 for  a 
waveguide  thickness  of  13  pm.  The  highest  transmitted  laser  power  is  9.5  W 
which  corresponds  to  a power  density  of  80  kW/cm2  at  the  input  coupling  region. 
This  waveguide  remains  in  a perfect  condition  after  several  hours  of  continuous 
operation  at  this  power  level. 


3.5  Microwave  Modulation  of  COg  Lasers 

It  was  recognized  early  in  this  program  that  the  best  approach  for  obtaining 
the  most  efficient  and  broadband  modulation  of  the  high-power  CO2  laser  is  to 
excite  and  confine  both  the  optical  and  microwave  power  in  a common  waveguide  of 
the  dimensions  25  pm  thick,  1 mm  wide  and  several  centimeters  long.  With  a 
proper  design  of  the  optical  and  microwave  circuits,  a large  fraction  of  the 
laser  power  can  be  efficiently  converted  into  the  first  sidebands  which  are 
;p-  and  down-shifted  at  microwave  frequencies  by  phase  modulation  (Ref.  9)  of 
the  10  pm  laser  carrier. 

The  phase  modulated  carrier  field  can  be  expressed  in  a power  expansion  of 
Bessels  functions,  as  given  by  (Ref.  20): 

F = 'o  [(Jq(A0)  sin  (u)Qt  + <S0)  + (A0 ) cos  (<ju0t  - 0)^  + 0Q)  + • • 0 (*0 

where  Q,  x , 0Q  are  the  amplitude,  angular  frequency,  and  phase  of  the  carrier, 
x is  the  microwave  frequency  and  A0  is  the  phase  shift  caused  by  the  optical- 
microwave  interaction  in  an  electrooptic  waveguide.  For  A0  < 1,  the  amplitude 
of  the  first  upper  and  lower  sidebands  can  be  expressed  by  the  approximation: 


J (Atf)  =-  Atf/2.  (5) 

The  optical  phase- shift,  A0  in  Eq.  5,  is  directly  proportional  to  the  change  of 
refractive  index  An  of  the  waveguide  as  given  by: 
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where  <11  i r a differential  interaction  length  and  >.  is  the  laser  wavelength.  For 
long  interaction  length.-  it  i • necessary  to  account  for  the  differences  in  phase 
velocity  between  the  optical  beam  and  the  microwaves  and  also,  in  particular, 
the  microwave  attenuation. 

The  change  of  refractive  index  for  a TE  mode  propagating  along  either  the 
(Oil)  or  (Oil)  axis  under  an  external  field  Em  applied  along  the  (100)  axis  is 

given  by: 


where  r^  1.2  x 10" cm/V , and  is  determined  by  the  circuit  parameters  and 
the  microwave  power. 

Since  the  microwave  circuit  is  unconventional  in  size  compared  to  those 
commonly  used  for  microwave  components,  it  was  necessary  to  determine  experimentally 
the  circuit  parameters  including  the  characteristic  impedance,  Z^,  the  dielectric 
constant  e,  and  the  attenuation  coefficient,  a-  Parametric  studies  have  been 
made  for  both  the  mini-gap  ridge  waveguides  (Refs.  2,  3,  4)  and  the  microstrip 
transmission  lines  (Refs.  6,  7).  Results  (Refs.  10,  11)  indicate  that  both 
structures  have  nearly  identical  characteristics.  In  general,  we  found  that  the 
microstrip  circuit  is  considerably  better  than  the  ridge  structure  in  both 
reproducibility  and  reliability.  These  advantages  are  derived  basically  from 
a more  precise  control  in  fabrication  of  structural  tolerances.  The  only  dis- 
advantage of  using  microstrip  transmission  line  is  its  lower  power  handling  capacity 
especially  the  matching  network  at  its  input  port.  The  results  indicated,  however, 
that  a small  coaxial  input  line  connected  to  the  microstrip  circuit  can  handle 
microwave  power  up  to  only  80  W.  For  continuous  operation  over  a long  time  period 
at  higher  power  level,  a ridge  waveguide  would  be  the  best  choice. 

The  complete  microwave  microstrip  circuit  is  shown  in  detail  in  Figure  12. 

The  microwave  power  is  center-fed  through  an  input  impedance  transforme1'  from  a 
coaxial  microstrip  launcher  and  the  ends  are  open  circuited.  The  launcher,  a 
standard  design,  was  modified  to  have  a longer  center  conductor  extension  with 
a semicircular  shielding.  The  longer  extension  allowed  the  contact  pressure  to 
be  distributed  over  a wider  area  on  the  GaAs  thin-slab  without  causing  material 
damage.  The  larger  contact  area  for  the  microwaves  also  provided  slight  adjustments 
for  improving  the  inptit  impedance  matching.  With  the  center-feed  excitation  of 
the  microstrip  transmission  line,  only  the  wave  that  is  in  synchronous  with  the 
laser  beam  modulates  the  guided  optical  wave.  At  the  center  frequency  the  electrical 
distances  are  integral  numbers  of  half  wavelengths  from  the  feedpoint  to  the  open 
circuited  ends.  Although  the  configuration  may  seem  narrow  band,  this  is  not 
necessarily  the  case.  It  turns  out  that  if  the  feed  line  from  a matched  generator 
is  well  matched  to  the  net  characteristic  impedance  of  the  two  lines  in  parallel, 
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the  amplitudes  of  the  synchronous  components  of  the  standing  wave  are  independent 
of  frequency  (Ref.  7).  Therefore,  a relatively  broadband  operation  can  be 
accomplished  by  placing  a microwave  circulator  at  the  input  port  that  not  only 
protects  the  modulator  driver  but  also  produces  a circuit  almost  equivalent  to 
that  of  a two  port  modulator.  The  most  efficient  modulation  condition,  of  course, 
occurs  when  the  net  input  resistance  is  transformed  so  that  an  impedance  match 
exists  at  the  input  port  of  the  modulator.  Under  these  matched  conditions,  the 
power  in  the  first  sidebands  is  given,  from  Eq.  5,  as: 

PSB  -(T  f po  rn 


in  which  the  phase  shift  is  given  by  the  expression  (Ref.  3)  (with the  assumption 
that  both  the  optical  and  the  microwave  fields  are  in  synchronism) 


where  Pn  and  Pu  are  the  laser  and  microwave  power,  respectively,  w is  the  width 
of  the  microstrip  line,  ? = /\ a,/ c = 377/3*5  ohm,  at  is  the  microwave  attenuation 
(in  nepers  per  unit  length),  and  other  symbols  as  previously  defined. 

Figure  13  is  a photograph  of  a standing -wave  waveguide  modulator.  As  shown 
in  this  picture,  the  input  impedance  transformer  is  made  of  a one-quarter-wave-long 
microstrip  line  with  a selected  impedance  value.  The  transformer  ratio  commonly 
used  in  our  work  is  about  4 to  1 for  the  matching  of  a 50  ohm  generator  impedance 
down  to  about  12  ohm,  which  is  the  input  impedance  of  the  resonant  microstrip 
line.  The  characteristic  impedance  of  the  modulator  is  2.7  ohm. 

The  measurements  of  sideband  power  as  a function  of  microwave  frequency  are 
shown  in  Figure  l4.  The  measiired  modulation  bandwidth  and  conversion  efficiency 
are  nominally  700  MHz  and  0.7%,  respectively,  for  a 2.78  cm  long  (~  5 X^)  modulator 
at  an  input  microwave  power  of  20  W.  These  measurements  are  consistent  with  the 
calculated  results  by  assuming  a total  loss  of  2 dB  in  the  microstrip  transmission 
line. 


Because  of  the  length  of  the  microstrip  line  there  should  exist  a series  of 
resonances.  By  using  another  2.8  cm  long  microstrip  modulator  with  a center- 
feed  input  impedance  transformer  designed  for  15  GHz,  we  have  obtained  the  side- 
band power  at  various  resonant  frequencies,  9*9  GHz,  12.3  GHz,  15.0  GHz  and  17*8 
GHz,  which  correspond  to  3 X^,  4 X^,  5 X^  and  6 \^,  respectively.  The  measurements 
of  the  relative  sideband  power  at  each  resonance  are  shown  in  Figure  15 . It  is 
interesting  to  note  that  the  measured  sideband  power  is  higher  at  12.3  GHz  than 
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that  at  15  GHz,  which  is  the  design  frequency.  This  suggests  that  the  circuit 
loss  at  12.5  GHz  is  about  0.4  dB/cm  as  compared  with  0.7  dB/cm  at  15  GHz.  The 
roll-off  in  sideband  power  at  the  two  extreme  points  is  expected  because  the 
length  (X/4)  of  the  input  transformer  is  selected  to  favor  the  15  GHz  resonance. 

Although  most  of  our  modulation  experiments  were  carried  out  at  a laser 
carrier  power  of  about  4 W and  an  applied  microwave  power  of  20  W,  the  structure 
has  been  operated  at  15  W of  laser  power  and  80  W of  microwave  power.  The  side- 
band signals  are  displayed  by  using  an  electronically  scanning  Fabry-Perot  filter. 

A typical  signal  from  the  scanning  filter  is  shown  in  Figure  16.  The  spacing 
between  the  two  peaks  corresponds  to  32  GHz  and  the  full  scan  is  50  GHz. 

With  a high  power  microwave  TWT  amplifier,  we  have  obtained  optical  sideband 
power  conversion  efficiency  as  high  as  2.1 % by  increasing  the  microwave  power 
to  60  W.  Figure  17  is  a plot  of  the  measured  conversion  efficiency  as  a function 
of  the  microwave  power.  Results  clearly  indicate  that  a linear  dependence  of  the 
sideband  conversion  efficiency  on  the  microwave  power  up  to  60  W is  obtainable 
with  this  waveguide  modulator.  Above  SO  W,  an  electrical  breakdown  occurred  at 
the  narrowest  section  of  the  microstrip  step  transformer  (***  13  mil  wide).  As 
mentioned  before,  a ridge  waveguide  must  be  used  as  the  input  line  for  operation 
at  high  power  levels.  Based  upon  the  present  state-of-the-art,  it  is  now 
possible  to  obtain  as  high  as  0.3  W of  single  sideband  power  at  16  GHz  with  a 
20  W COg  laser  and  60  W microwave  source  as  the  inputs  to  a GaAs  thin- "lab  wave- 
guide modulator. 

Because  of  the  moderate  loss  in  the  25  pm  thick  and  one  millimeter  wide 
microstrip  circuit,  the  use  of  narrow-band  standing-wave  modulator  structure 
does  not  appear  to  offer  much  enhancement  in  conversion  efficiency  than  that 
expected  from  a broadband  traveling -wave  design.  A theoretical  design  of  a 
broadband  waveguide  modulator  is  presented  in  the  following  paragraphs.  However, 
the  important  problems  which  remain  to  be  determined  are  in  the  implementation 
and  in  the  fabrication  of  the  desired  circuit.  At  microwave  frequencies  broad- 
band impedance  transformers  are  realized  by  connecting  in  tandem  a series  of 
transmission  lines  which  are  one-quarter  wavelength  long  at  the  center  frequency 
and  which  have  a prescribed  set  of  values  for  characteristic  impedance.  A 
similar  technique  is  used  for  AR  coating  in  optical  devices;  however,  there  is 
more  flexibility  with  microwave  transmission  lines  because  the  transverse  dimensions 
of  the  lines  are  adjustable  parameters.  Thus,  a continuum  of  values  for 
characteristic  impedance  within  practical  limits  can  be  achieved. 

For  the  broadband  modulator  design,  the  modulator  characteristic  impedance 
must  be  known.  For  a one  mil  thick  and  1 mm  wide  metallic  strip,  the  charac- 
teristic impedance  has  been  determined  to  be  2.7  ohm  and  its  attenuation  has  been 
determined  to  be  0.4  dB  per  wavelength  at  16  GHz.  An  effective  index  of  refraction 
was  found  to  be  3-5*  Because  the  thickness  of  this  microstrip  transmission  line 
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is  only  one  mil,  which  is  very  small  as  compared  rfith  the  microwave  wavelength, 
experimental  procedures  for  determining  the  above  characteristics  become  very 
difficult.  The  measurement  depends  upon  fabrication  techniques  and  the  inter- 
mediate circuit  components  which  are  required  to  make  the  transition  from  the 
extremely  small  modulator  dimensions  to  standard  microwave  components  of 
relatively  large  sizes. 

An  analysis  has  been  made  of  the  frequency  characteristics  of  the  broadband 
microwave  modulator  using  a theoretical  model  with  the  assumption  that  small 
junction  parasitic  reactances  can  be  accounted  for  by  small  corrections  in  the 
physical  lengths  of  the  acutal  elements.  The  microwave  circuit  model  of  the 
modulator  is  sketched  in  Figure  18.  This  model,  a traveling  wave  configuration, 
consists  of  the  main  transmission  line  of  length  L and  two  identical  impedance 
transformers  at  each  end.  Each  transformer  contains  three  one-quarter  wave- 
length steps  with  impedance  values  selected  to  give  a maximally  flat  response. 
These  transitions  involve  several  dimensional  changes  in  the  microstrip  config- 
uration. An  additional  component,  RT  = 10,000  ohm,  was  added  at  the  center  of 
the  line  as  a mathematical  device  to  permit  the  calculation  of  the  voltage 
across  the  line.  The  relatively  large  value  of  RL  makes  its  effect  negligible 
electrically.  Under  the  assumption  that  a synchronous  condition  exists  between 
the  microwave  and  the  IR  radiation,  the  degree  of  modulation  depends  only  upon 
the  distribution  of  synchronous  wave  amplitude  along  the  modulator.  Thus,  the 


voltage  at  the  midpoint  of  the  line  can  be  used  to  approximate  the  average 
amplitude  of  the  synchronous  wave  over  the  frequency  range  of  interest.  Since 
the  power  generated  in  the  optical  sidebands  is  proportional  to  power  carried 
by  the  synchronous  component  of  the  microwaves,  the  modulator  performance  is 
proportional  to  the  ratio  of  the  synchronous  microwave  power  to  that  available 
from  the  microwave  power  source  at  the  input  terminals  of  the  modulator. 

The  detailed  calculations  of  the  frequency  response  of  the  modulator  are 
fairly  tedious  because  each  section  of  transmission  must  be  handled  separately 
through  the  well  known  microwave  transmission  line  equations  which  involve  sums 
of  hyperbolic  functions  with  complex  arguments  and  coefficients.  The  calculations 
are  further  complicated  by  the  attenuation  coefficients  which  varies  noticeably 
with  frequency.  A general  computer  program  designed  for  microwave  circuits,  which 
is  an  advanced  form  of  one  designed  by  P.  E.  Green  (Ref.  21),  has  been  applied 
to  this  modulator  problem.  In  the  calculations,  the  power  delivered  to  RL  was 
first  calculated  at  each  frequency  and  then  converted  to  the  equivalent  power 
value  for  a synchronous  wave  that  would  produce  the  same  voltage,  Vn  at  the  mid- 
point. The  results  are  plotted  in  Figure  19  for  an  active  modulator  length 
of  2.78  cm  (5  wavelengths  at  l6  GHz),  for  a frequency  range  extending  from  6 to 
26  GHz.  The  useful  range  is  the  8 GHz  band  indicated  by  the  solid  section  of 
the  curve  drawn  in  Figure  19-  The  dashed  sections  of  the  curve  are  not  useful 
regions  of  operation  because  of  rapid  variations.  The  useful  range  is  shown  in 
Figure  20  on  an  expanded  frequency  scale.  The  calculated  results  as  given  by  a 
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series  of  points  define  a curve  with  many  ripples  which  in  themselves  are  not 
completely  representative  of  the  amplitude  response  of  the  synchronous  wave. 

The  method  of  calculation  described  above  does  not  distinguish  between  the 
• nl  'll  it j >ns  from  the  syn  shr  )us  wave  and  from  a small  reflected  v;ave.  The 
reflected  wave  must  be  present  since  the  impedance  transformers  at  the  ends  are 
never  perfect.  Examination  of  the  calculated  data  points  in  Figure  20  shows 
that  the  periodicity  is  approximately  2 GHz  value,  which  is  of  the  right  order 
of  magnitude  corresponding  to  reflections  from  two  di scontinuities  spaced  5 
wavelengths  at  16  GHz,  the  design  frequency.  A representative  variation  of  the 
amplitude  of  the  synchronous  wave  with  frequency  is  thus  obtained  by  averaging 
out  these  ripples.  The  total  variation  in  the  ratio  of  synchronous  power  to 
incident  power  in  the  useful  range  is  less  than  0.5  dB  with  lower  values  falling 
at  the  high  end  of  the  frequency  range  because  of  higher  attenuation  there.  The 
mean  level  of  approximately  -1.25  IB  is  consistent  with  the  microwave  attenuation 
being  a total  of  2 dB  for  5 wavelengths  at  16  GHz. 

Experimentally  we  have  obtained  a broadband  turning  of  a CCh,  laser 
continuously  over  a spectral  range  from  9 GHz  t.o  18  GHz,  by  using  a traveling- 
wave  waveguide  modulator  as  shown  in  Figure  21.  The  optical  structure  of  this 
modulator  is  similar  to  that  of  the  standing -wave  modulators,  except  that  the 
microwave  power  is  fed  from  one  end  of  the  microstrip  electrode,  which  has  a three- 
step  transformer  at  its  input  terminal.  The  transformer  network  is  made  by 
connecting  a 12  mil  thick  GaAs  slab  to  the  1 mil  GaAs  waveguide.  At  the  transition, 
the  microstrip  electrode  configuration  of  this  first  experimental  model  has  not 
been  made  precisely  as  specified  by  the  design,  nevertheless,  it  allows  a 
reasonable  amount  of  microwave  input  power  to  be  fed  into  the  microstrip  trans- 
mission line  over  the  entire  Ku-band.  With  this  modulator,  we  have  measured  the 
optical  sideband  power  as  a function  of  the  modulation  frequency.  Figure  22 
shows  the  normalized  frequency  response  of  this  first  traveling-wave  waveguide 
modulator.  The  results  indicate  that  continuous  tuning  of  a CO^  laser  over  very 
broad  frequency  range  is  obtainable  with  a traveling -wave  waveguide  modulator  and 
the  maximum  sideband  power  is  about  one-third  that  of  the  standing-wave  case. 

The  series  of  resonant  peaks  seen  in  Figure  22  is  caused  primarily  by  the 
imperfection  of  the  three-step  transformer,  and  can  be  eliminated  by  further  improve- 
ment of  fabrication  techniques. 


39 


Traveling— Wave  Microstrip 
Waveguide  Modulator 


Frequency  Response  of  a Traveling- Wave 

Waveguide  Modulator 


R76-922241-4 


4.0  CONCLUSIONS 


iechniques  have  been  developed  to  produce  reliably  high  power  infrared 
waveguides  suit, able  for  broadband  modulation  of  CO2  laser  radiation.  Optical 
power  transmission  through  a 3 cm  long  metal-cladded  and  tapered  thin-slab 
waveguide  at  a thickness  of  25  pm  was  found  to  be  greater  than  60$  which  is 
approaching  that  expected  from  a bulk  GaAs  crystal  of  identical  length.  The 
■ifference  in  optical  power  transmission  between  the  waveguide  and  bulk  modula- 
tor devices  is  insignificant  in  comparison  with  the  enhancement  (~  20  dB  gain) 
in  the  electric  field  strength  which  can  be  generated  by  using  the  waveguide 
device  instead  of  a bulk  device  with  the  same  amount  of  modulation  power.  With 
a standing-wave  waveguide  structure,  we  have  obtained  2.1$  power  conversion 
efficiency  from  the  carrier  to  a single  sideband  by  applying  60  W microwave 
pow^r  to  a 2.8  cm  long  microstrip  electrode.  The  modulation  bandwidth  of  a 
standing  wave  structure  is  nominally  1 GHz.  By  using  a traveling-wave  struc- 
ture with  a three-step  transformer  network,  a factor  of  ten  increase  in  modu- 
lation bandwidth  has  been  achieved  by  sacrificing  the  conversion  efficiency  by 
about  a factor  of  three.  It  may  be  possible  to  increase  the  electrooptic 
effect  by  using  CdTe  as  the  waveguide  material.  In  this  work,  GaAs  was  used 
primarily  because  high  quality,  large-size  ingots  are  readily  available. 
Nevertheless,  techniques  developed  for  GaAs  shoxild  also  be  applicable  to  CdTe. 

L'he  authors  wish  to  thank  W.  Glueck  and  R.  Rukus  for  technical  assistance, 
they  are  grateful  to  Dr.  M.  White  for  helpful  discussions. 
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